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RESULTS

Humerus Biochemistry

Means * standard error for biochemical variables measured on the left humerus are shown in
Table 1. No significant differences at p<0.05 were found between groups when the following
variables were measured: density, HYP, total collagen per mm? bone, phosphorus concentration,
total phosphorus per mm> bone, calcium concentration, calcium to collagen ratio, and calcium to
phosphorus weight ratio. The R+ML (66 d old) rodents showed a significantly greater amount of
HP and total crosslinks than did their younger (38 d and 52 d old) counterparts. In addition, the
R+ML F group had a significantly greater amount of LP crosslinks than both the R+O FC and
L+O basal groups. The R+ML FC group exhibited a greater amount of calcium per mm? and total
mineral compared to R+0 FC. No significant differences were found between treatment groups of
animals of similar age. Recovery of HYP for this study was 100%.
Tibia Biochemistry

Means + standard error for biochemical parameters examined on the left tibia are displayed in
Table 2. No significant differences at p<0.05 were found between groups when the following
variables were analyzed: density, HYP, total collagen per mm3 bone, phosphorus concentration,
calcium concentration, total calcium per mm? bone, calcium to collagen ratio, calcium to
phosphorus weight ratio, and total mineral content. The R+ML (66 d old) rodents exhibited a
significantly greater amount of HP and total crosslinks, than rats 28 d younger (38 d old). The
R+ML F and FC groups had significantly greater phosphorus per mm? than the L+O basal group.
The amount of LP per mole of collagen in 52 d old (R+O) F rats was significantly greater than the
R+O FC rats housed in similar size cages. No additional significant differences were noted among
the variables between treatment groups of animals of similar age.
Collagen Accumulation

Means  standard error are shown for the humerus and tibia in Table 3. New and old collagen
present are expressed as percentages of the total collagen content in the bone sample. No
significant differences were found between groups at p<0.05.



Urine Biochemistry

Means + standard error are shown in Figure 1 and Appendices F through M. Urine data was
only available for the first four days following the landing of the shuttle. The F group had
consistently lower specific gravities than the VC group. The creatinine concentration in the F
group was also significantly less than that found in the VC group at most time points, however, the
FC and VC groups did not differ from one another. Data within the F group fluctuated, in that it
decreased in HYP during the first four days following landing, this fluctuation was slightly greater
than that found within other treatment groups. The VC group was significantly greater in HYP
than both the FC and F groups during the last two days of urine collection. HP values in the VC
group were significantly greater than both the FC and F groups throughout days 1103, 11/04 and
11/05. Both FC and F groups had decreasing HP, LP and total crosslink values during the initial 2
to 3 d following landing, respectfully. These groups then increased in HP. FC and F groups were
not significantly different from one another in HP, LP or total crosslinks normalized to creatinine at

11/02 and 11/05.
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DISCUSSION

The purpose of this study was to examine the residual effects in a growing animal during
recovery from a microgravity environment. Second, this study examined the effects of caging
upon the growth and maturation of the tibia and humerus in order for recommendations to be made
in the implementation of suitable housing modules for future spaceflight research.

In the present study, unlike previous spaceflight studies examining bone metabolism, the
turnover of collagen was not a factor influencing bone growth nor the biomechanical attributes
associated with the tissue. Bone turover, the ratio of new to old collagen, did not differ between
treatment groups at R+ML. In fact, collagen concentration, nor the total collagen per mm?3,
accounting for differences in porosity, showed differences between any treatment groups or time
points throughout this study. This is in contrast to some of the previous spaceflight studies of
shorter duration which examined collagen in the tibia and humerus (Martinez, et al., 1988; personal
communication, Dr. Emily M. Holton, NASA Ames Research Center, CA, 1994). However,
Vailas, et al., (1992) also found no change in collagen with 14 d spaceflight. Although, the
present study utilized 38 d old rats which were younger than rodents used in previous studies
designed to describe the effects of a microgravity environment on bone. Previous spaceflight
studies involved adult rats beyond the period in development denoted by rapid bone growth
(Hansson, et al., 1972).

Bone growth, indicated by length and total cross-sectional area, significantly increased in 28 d
(Appendix A). These parameters showed no change in 14 d of recovery, however, except in the
cross-sectional area of the humerus. An unexpected contradiction to the decrease in skeletal
growth was that these rodents continued to show an increase in body weight for the duration of the
study (Appendix B). The increase in body weight, therefore, may reflect an increase in the mass
of non-skeletal tissues. These changes in growth were similar to those found in the tibia of 65 to
81 d old rodents flown aboard SLS-1 for 9 d (personal communication, Dr. Emily M. Holton,
NASA Ames Research Center, CA, 1991). SLS-1 groups differed in length and cross-sectional
arca after 16 d growth from launch to R+ML. The R+O F group in SLS-1, however, unlike that
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found in SLS-2, showed significantly less bone growth than the R+ML rodents which were 1 wk
older. The length of time in flight on SLS-1, however, was only 9 d which was 5 d less than
SLS-2. The bone growth in the tibia during these additional 5 d may have resumed to normal or
above normal in the SLS-2 study. Both studies involved R+O and R+ML rodents of ages beyond
the period of rapid bone growth, illustrating the normal decline in bone growth associated with
adulthood, and emphasizing the need to perform spaceflight studies on younger rodents. Further
support for the age-related decline in bone growth comes from data collected immediately
following a 14 d spaceflight mission aboard COSMOS 2044 from 124 d old rats in which Vailas,
et al., (1992) failed to observe longitudinal nor cross-sectional area growth in the humerus. It may
be important to note the difference in diet between the NASA and COSMOS missions. COSMOS
missions have in the past used a paste diet consisting of 70% water, whereas, the SL-missions in
the United States have used food bars (Teklad, L-356) (Montufar-Solis, e al., 1992). This
difference in diet along with the competition for food in group housing habitats may help to explain
some of the differences observed between COSMOS and SL-mission results.

Biomechanical tests conducted earlier on the same left humerus and tibia used in the present
study found increases in structural (size and strength) and material (strength/area) properties with
age (Appendix C) (personal communication, Dr. Ray Vanderby, University of Wisconsin-
Orthopedics, 1994). These values were significantly greater in animals 14 and 28 d older, despite
a lack of change in collagen. Significant increases in the amount of crosslinks per mole of collagen
with an additional 14 or 28 d of age supports the biomechanical data outlining increases in
stiffness, energy to failure, peak load, deformation at failure, and elastic modulus as the animal
grew older. Other factors which were not quantified in the present study may have also influenced
the structural and material properties of the tibia and humerus. These factors may include, but are
not limited to, the porosity of the tissue (porosity was not measured in the present study, density
was used as an indirect measurement), the distribution of minerals within the bone which have
been shown by Mechanic, et al., (1990) to be affected by 12.5 d spaceflight, and mineral crystal

size.



It is interesting to note that there were no appreciable changes in mineral concentration in the
tissue as a result of spaceflight or an increase in biological age. It has been hypothesized by Klein,
et al., (1985) and Yamauchi and Mechanic (1988) that collagen maturation through crosslinking
and mineralization may be interrelated and somewhat dependent upon one another. However, the
present study is unique in that it provides evidence against this hypothesis. There were no
appreciable increases in mineralization with advancing age, despite increases in crosslinks in 14 an
28 d older rats. Therefore, unlike the hypothesis proposed by Klein, et al., (1985) and Yamauchi
and Mechanic (1988), which states that with increases in crosslinking, mineralization will be
inhibited, the results from the present study suggest that increased crosslinking within a given
range may have minimal effects on the degree of mineralization. This may not be the case,
however, with further increases in crosslink concentration which may interfere with the
mineralization process through stereochemical inhibition.

There were no effects of flight on collagen metabolism, maturation, or mineralization except in
the tibia where there were greater amounts of LP crosslinks per mole of collagen in the F versus
FC group. There was also a trend towards a decreased concentration of collagen in the tibia F
versus FC group. This relationship might suggest that in these young animals protein synthesis of
collagen decreases with flight, resulting in an increase in the number of crosslinks per mole of
collagen present. Spaceflight may effect collagen maturation in this manner in young, growing
animals, however, further studies are necessary to definitively identify this adaptation to
microgravity.

There are at least three important changes to note from the urine data. First, flight and the
smaller cage size may have a suppressive effect on the resorption of mature collagen. Changes in
the resorption of mature collagen seem to occur to a new level of homeostasis or steady state,
which is lower than that found in the VC group. After 4 d following the landing of the shuttle, the
FC and F groups are no longer significantly different from one another. Second, a suppression of
protein synthesis and/or decreased resorption of mature collagen leads one to expect either no

change or an increase in the amount of crosslinks in the tissue. This is precisely what is found. In
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the tissue, there were no significant differences in collagen between groups at any of the time
points, however, crosslinks increased with age, and in the tibia the LP crosslinks were
significantly greater in the F group. Whereas, the urinary crosslinks exhibited a decreased
resorption with flight and smaller cage size. It is possible, therefore, that animals attempt to adapt
to microgravity and hypokinetic environments through some unknown control mechanisms
regulating the protein synthesis of collagen and the resorption of mature collagen from the
weightbearing skeleton. Future investigations should focus upon the regulation of protein
synthesis at the mRNA level to gain further insight into the control mechanisms involved. Third,
mature collagen resorption in the VC group continued to increase throughout the four days of urine
collection while there was no change or an increase in mature collagen in the tissue. This finding
suggests that there was an increase in the production of mature collagen in bone which
compensated for the increased loss in urine. This high rate of synthesis and resorption may be
important to obtaining a structurally intact tissue able to resist biomechanical stresses imposed upon
it, however, no differences were observed in the structural and material attributes measured
between treatment groups at R+O or R+ML. It is important when evaluating changes in these
urinary markers to rely on urinary crosslinks as an indicator of mature collagen resorption and not
on urinary HYP. Error in urinary HYP measurements and the interpretation of them may be due at
least in part to the capacity of the liver to convert free HYP to pyrroline-3-hydroxy-carboxylic acid
by the enzyme hydroxyproline oxidase (Cundy, er al., 1983; Uebelhart, et al., 1990). The urinary
HYP results, therefore, may not accurately reflect the degradation of collagen in the tissue, because
it may be influenced by the ability of the liver to remove HYP. The urine data also indicate an
obvious fluctuation in the metabolism of collagen during the first 4 d postflight. Future
experiments should attempt to quantify the amount of new and old collagen in these animals at 4 d
postflight to identify differences in steady states between both 4 d and 14 d of recovery.

The F group experienced a suppressed glomerular filtration rate (GFR) during the first 4 d of
recovery which began to increase toward normal levels during days 3 and 4 of urine collection.
Creatinine is used as a physiological indicator of GFR because it is filtered almost completely by
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the renal tubules. Another substance sometimes used to measure the GFR is inulin. Inulinis a
synthetic substance which must be injected into the body and is then completely filtered at the
kidney into the urine. Since inulin was not provided to these rodents, however, creatinine, a by-
product of creatine produced in muscle, was used. The use of this marker, however, is difficult
because it is not completely filtered like inulin and its production increases with muscle atrophy or
damage. Decreases in skeletal muscle mass and fiber cross-sectional areas occur, especially in
slow-twitch muscles, with spaceflight. Whereas, the percentage of fast-twitch fibers normally
increases during spaceflight (Grindeland, er al., 1992). By normalizing the HYP and crosslink
data to creatinine, however, an accurate assessment of changes in resorption is still made possible.

No appreciable caging effects were observed in the tissue. The lack of significant differences
observed between FC and VC in both the humerus and tibia in the variables quantitated suggest
that both size habitats serve as suitable controls. These results agree with other data describing a
lack of observable change in the composition and metabolism of bone with inactivity. This is an
important finding demonstrating that comparisons between COSMOS studies utilizing the VC
cages housing multiple animals per cage aboard the shuttle and NASA spaceflights which employ
the smaller, FC cages housing animals individually, are acceptable and will not significantly impact
collagen metabolism, maturation, or mineralization in the tibia or humerus.

The important conclusions as a result of this spaceflight study used to investigate bone
metabolism following a 2 wk period in a microgravity environment are as follows: First, this
study supports the hypothesis that crosslinking increases with age and that crosslinking is
independent of mineralization in the tibia and humerus. Second, contrary to previous results from
our laboratory, there were no effects of spaceflight except for an increase in nonreducible LP
crosslinks per mole of collagen in the tibia, indicating that spaceflight had an effect on collagen
maturation in these animals. Third, despite a continued increase in body weight over time, there
were no appreciable increases in skeletal growth during the recovery period. Fourth, a reduced
excretion of mature collagen suggests a downregulation of resorption in FC and F animals.
Finally, there were no caging effects impacting tissue growth and maturation in the tissue. This



finding suggests that both vivarium size cages, housing a large number of rodents, and flight
control cages of a slightly smaller size, housing rodents individually, are both suitable control
models for spaceflight research. In order for additional information to be obtained concerning the
changes in bone metabolism with spaceflight and the mechanisms of control processes, it is
recommended that future spaceflight studies include younger rodents and radioactive labeling at
L+O in an attempt to describe the adaptations during growth in a microgravity environment in more

detail.
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Appendix B
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Appendix G

Appendix F Significance Key Continued

a F 11/02 is significantly different than FC 11/02.
b F 11/02 is significantly different than FC 11/03.
C F 11/02 is significantly different than FC 11/04.
d F 11/02 is significantly different than FC 11/05.
¢ F 11/03 is significantly different than FC 11/02.
f F 11/03 is significantly different than FC 11/03.
8 F 11/03 is significantly different than FC 11/04,
h F 11/03 is significantly different than FC 11/05.
i F 11/04 is significantly different than FC 11/02.
J F 11/04 is significantly different than FC 11/03.
k F 11/04 is significantly different than FC 11/04.
1 F 11/04 is significantly different than FC 11/05.
m F 11/05 is significantly different than FC 11/02.
D F 11/05 is significantly different than FC 11/03.
O F 11/05 is significantly different than FC 11/04.
P F 11/05 is significantly different than FC 11/05.
4 F 11/02 is significantly different than VC 11/02.
T F 11/02 is significantly different than VC 11/03.
$ F 11/02 is significantly different than VC 11/04.
t F 1102 is significantly different than VC 11/05.
U F 1103 is significantly different than VC 11/02.
¥ F 11/03 is significantly different than VC 11/03.
W F 11/03 is significantly different than VC 11/04.
X F 11/03 is significantly different than VC 11/05.
Y F 11/04 is significantly different than VC 11/02.
Z F 11/04 is significantly different than VC 11/03.

A F 1104 is significantly different than VC 11/04.
B F 11/04 is significantly different than VC 11/05.
C F 11/05 is significantly different than VC 11/02.
D F 11/05 is significantly different than VC 11/03.
E F 11005 is significantly different than VC 11/04.
F F 11/05 is significantly different than VC 11/05.
G EC 11/02 is significantly different than VC 11/02.
H EC 11/02 is significantly different than VC 11/03.
I EC 11/02 is significantly different than VC 11/04.
J FC 11/02 is significantly different than VC 11/05.
K EC 11003 is significantly different than VC 11/02.
L EC 11/03 is significantly different than VC 11/03.

M EC 11/03 is significantly different than VC 11/04.

N EC 11003 is significantly different than VC 11/05.
O FC 1104 is significantly different than VC 11/02.
P FC 11/04 is significantly different than VC 11/03.
Q EC 11/04 is significantly different than VC 11/04.
R FC 11/04 is significantly different than VC 11/05.
S FC 11/05 is significantly different than VC 11/02.
T EC 11/05 is significantly different than VC 11/03.
U EC 11005 is significantly different than VC 11/04.
V EC 11005 is significantly different than VC 11/05.
W EC is significantly different than VC.

X Fis significantly different than VC.
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Appendix H Urine Specific Gravity 43
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Groups sharing similar numbers are significantly different at p<0.05.



e - Urine Creatinine 4
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Groups sharing similar numbers are significantly different at p<0.05.



Appendix J Urine HYP/CI‘ 45
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Groups sharing similar numbers are significantly different at p<0.05.



Appendix K Urine HP/Cr 46
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Groups sharing similar numbers are significantly different at p<0.05.



Appendix L
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Groups sharing similar numbers are significantly different at p<0.05.



Appendix M Urine X-link/Cr 48
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Groups sharing similar numbers are significantly different at p<0.05.



